Genetic and phenotypic instability are hallmarks of cancer cells, but their cause is not clear. The leading hypothesis suggests that a poorly defined gene mutation generates genetic instability and that some of many subsequent mutations then cause cancer. Here we investigate the hypothesis that genetic instability of cancer cells is caused by aneuploidy, an abnormal balance of chromosomes. Because symmetrical segregation of chromosomes depends on exactly two copies of mitosis genes, aneuploidy involving chromosomes with mitosis genes will destabilize the karyotype. The hypothesis predicts that the degree of genetic instability should be proportional to the degree of aneuploidy. Thus it should be difficult, if not impossible, to maintain the particular karyotype of a highly aneuploid cancer cell on clonal propagation. This prediction was confirmed with clonal cultures of chemically transformed, aneuploid Chinese hamster embryo cells. It was found that the higher the ploidy factor of a clone, the more unstable was its karyotype. The ploidy factor is the quotient of the modal chromosome number divided by the normal number of the species. Transformed Chinese hamster embryo cells with a ploidy factor of 1.7 were estimated to change their karyotype at a rate of about 3% per generation, compared with 1.8% for cells with a ploidy factor of 0.95. Because the background noise of karyotyping is relatively high, the cells with low ploidy factor may be more stable than our method suggests. The karyotype instability of human colon cancer cell We conclude that aneuploidy is sufficient to explain genetic instability and the resulting karyotypic and phenotypic heterogeneity of cancer cells, independent of gene mutation. Because aneuploidy has also been proposed to cause cancer, our hypothesis offers a common, unique mechanism of altering and simultaneously destabilizing normal cellular phenotypes.
Most cancers are clonal (1-3) yet highly heterogeneous, i.e., nonclonal with regard to the karyotypes (1, (4) (5) (6) (7) (8) (9) and phenotypes of individual cancer cells. For example, individual cells of a given cancer differ widely in such phenotypic properties as metastatic capacity, transplantability, antigenic make up, drug sensitivity, growth rates, metabolism, and morphology (8) (9) (10) (11) (12) (13) .
In 1976, Peter Nowell postulated that this abundant heterogeneity is caused by an as-yet-poorly defined precancerous mutation that generates exceptional ''genetic instability'' (1) or ''mutability'' (13) (14) (15) (16) . The corresponding phenotype has been termed ''mutator'' (14) . The highly mutable, ''premalignant'' cell would then suffer many further gene mutations, including those that cause cancer (16) . For example, recently Lengnauer et al. (17) have suggested that either a mutated mismatchrepair gene or a chromosome-segregation gene would function as a mutator gene that drives the tumorigenic process toward colon cancer . The mutated chromosome-segregation gene was postulated to do this either by increasing the number of chromosomes with activated oncogenes or by decreasing those with tumor-suppression genes (16, 17) . However, despite numerous investigations since 1976, there is still no consistent evidence for mutator genes in cancer cells (13, 15, 16, (18) (19) (20) (21) (22) .
As an alternative hypothesis, we propose that genetic instability of cancer cells is caused by aneuploidy, an abnormal number of chromosomes. Because symmetrical segregation of chromosomes depends on exactly two copies of mitosis genes, aneuploidy involving chromosomes with mitosis genes will destabilize the karyotype (12, (23) (24) (25) . Once aneuploid, cells will continue to be subject to asymmetric chromosome segregation every time they divide, a process that has been termed ''chromosome error propagation'' (12) . The phenotypic heterogeneity of individual, aneuploid cancer cells described above would be an inevitable consequence of this genetic instability.
The aneuploidy-genetic instability hypothesis predicts that the degree of genetic instability is proportional to the degree of aneuploidy. In other words, it should be difficult, if not impossible, to maintain the particular karyotype of a highly aneuploid cancer cell on clonal propagation. To test this prediction, we have analyzed the chromosomes of clonal cultures of chemically transformed Chinese hamster embryo (CHE) cells with various degrees of aneuploidy. The results of these experiments demonstrate that chromosome number instability in cancer cells is indeed proportional to their degree of aneuploidy. We have also applied our hypothesis to the relationship between genetic instability and aneuploidy of human colon cancer cells, based on a recent study by Lengnauer et al. (17) . This analysis confirmed and extended to human cancer cells our result that genetic instability is proportional to the degree of aneuploidy.
RESULTS

Clones of CHE Cells Derived from Transformed Cultures with Heterogenous Karyotypes.
To test the hypothesis that karyotypic instability is proportional to the degree of aneuploidy, we set out to analyze the karyotypes of clonal cultures derived from chemically transformed CHE cells with different degrees of aneuploidy.
Such chemically transformed CHE cells had been prepared previously for a statistical analysis of the correlation between aneuploidy and chemical transformation. This correlation proved to be 100%, but the karyotypes of cultures derived from discrete foci of transformed CHE cells were unexpectedly heterogeneous (26) . This karyotypic heterogeneity already suggested an underlying instability but did not exclude polyclonality (26) .
To prepare clonal cultures, about 100 cells of a given focus-derived culture of karyotypically heterogenous, trans-formed CHE cells were seeded on a 10-cm culture dish and incubated for about 2 weeks as described (26) . By that time, about 5-20 colonies of cells had appeared per dish. Individual colonies were then removed with a micropipet from several such dishes and grown into large cultures for analysis of their phenotypes and chromosome numbers. They were labeled like their precursors (26) and individually distinguished by hyphenated numbers. For example, clonal cultures derived from the uncloned, methylcholanthrene-transformed culture M1 were labeled M1-1, M1-2, etc., and clonal cultures derived from uncloned, dimethylbenzanthracene-and benzpyrene-transformed cultures D3 and B6 were labeled D3-1, D3-2, etc. and B6-1, B6-2, etc., respectively (Tables 1 and 2 ).
Based on their social properties and morphology, these clonal colonies fell into a major class of 13 transformed clones and a minor class of 7 flat clones (Table 1) . In contrast to normal CHE cells, the transformed clones grew threedimensionally into several layers ( Fig. 1 A-D ; Table 1 ). They also displayed various transformed shapes, including polygonal and spindle-shaped variants ( Fig. 1 ; Table 1 ). The growth rates of 10 of the 13 transformed clones were fast or very fast, those of two others, B6-10 and D3-13, were normal, and that of one, M8-11, was slow compared with the growth rate of normal CHE cells (Table 1) . Thus, the transformed cells were heterogeneous with regard to growth rates and morphology.
The seven flat clones were essentially contact-inhibited, growing two-dimensionally into confluent monolayers like normal CHE cells ( Fig. 1 E and F ; Table 1 ). They also differed from each other in their morphology, some being more polygonal and others more spindle-shaped (Fig. 1 ). Their growth rates were either faster than normal or normal, except for M3-8, which grew more slowly than normal cells ( Table 1) .
Karyotypes of Clonal Cultures of Transformed CHE Cells. Despite being derived from clones of single cells, the karyotypes of individual cells from 9 of the 13 transformed CHE clones-M11-1, M11-8, M11-7, B6-10, M8-5, M11-2, M11-4, B6-4, and D3-1-were highly heterogeneous with regard to the modal chromosome number (mn) of each clone ( Table 1 ). The mns of these 9 clones were also highly abnormal, ranging between 30 and 40 compared with the 22 chromosomes of normal Chinese hamsters ( Table 1) . As a quantitative measure of karyotypic abnormality, we introduce the ploidy factor (pf), which is the quotient of the mn divided by the normal number of chromosomes of the species. For example, M11-8 with a mn of 40 has a pf of 1.8.
By contrast to the clones with high pfs, the four transformed clones with pfs close to 1-M8-11, B6-9, D3-10, and D3-13-were almost homogeneous with regard to the karyotypes of individual cells (Table 1) . Thus there was a correlation between the degree of karyotypic heterogeneity and the mn, or the pf, of each clone: the higher the pf, the more heterogeneous the corresponding karyotype (Table 1) .
In an effort to extend the statistical and biological basis of the relationship between aneuploidy and karyotype heterogeneity, we analyzed subclones of six primary clones of transformed CHE cells with distinct pfs-B6-10, B6-4, M8-5, D3-1, B6-9, and D3-10 ( Table 1) . Preparation of the subclones was as described above for the primary clones. The subclones shared most of their phenotypic properties with their parents, including the transformed phenotype, but some differed from their parents and from each other in their growth rates (Tables 1 and 2 ).
Karyotypic heterogeneity was measured as the percentage of cells with nonmodal chromosome numbers. The relationship between the average pf and the average karyotypic heterogeneity of all subclones from a given clone is reported in Table 3 . The results of this experiment indicated again that karyotypic heterogeneity is proportional to the pf: the higher the pf, the higher the heterogeneity.
The karyotypic instability, or the rate of karyotype change per cell generation, of a given clone was estimated by dividing the percentage of nonmodal karyotypes by the number of cell generations separating the clonal culture analyzed from its founder cell (Table 3) . Because clonal cultures of about 10 million cells were required for our analysis, our cultures were at least 23 generations removed from the founder cell. On this basis, it can be estimated that 3.1% of the cells of clone B6-10 change their chromosome number per generation, because the karyotypes of 72% of its cells were nonmodal after about 23 generations (Table  3) . By contrast, only 1.8% of D3-10 cells change their karyotype per generation (Table 3) . (These calculations assume that the unknown karyotype of the founder cell is the same as the average mn of a clone.) Because the background noise of karyotyping is relatively high as a result of losses and overlaps of chromosomes (4, 9, 27) , the karyotypes of cells with low pfs may be more stable than our estimate suggests.
We can draw two additonal conclusions from these results. First, the karyotypic heterogeneity of the original, uncloned cultures of transformed CHE cells studied previously (26) was predominantly the product of karyotypic instability rather than polyclonality, because most of its clonal derivatives were unstable. (26) . However, 2 of the 72 subclones of transformed CHE cells, namely B6-9-4 and B6-9-11, had the normal modal chromosome number of 22 (Table 2) . Nevertheless, these are probably pseudodiploid cells (with an abnormal chromosome composition but a normal chromosome number) based on the following. Because these two clones were derived from B6-9 with the mn 21 (Table 1) , the odds are only 1:21 that the unpaired chromosome of their B6-9 parent, rather than a paired chromosome, was doubled to generate the subclones with 22 chromosomes. It is also possible that the 10 chromosome pairs of the B6-9 parent were already unbalanced, since it came from a CHE culture that had been exposed repeatedly to aneuploidyinducing carcinogens (28, 29) to generate transformants (26) . A preliminary analysis of B6-9-4 has indeed suggested that it is pseudodiploid. Thus, we have yet to find the first truly diploid or euploid transformant among the chemically transformed CHE cells described here and previously (26) .
Karyotypes of Clonal Cultures of Flat CHE Cells.
The seven flat clones obtained from uncloned cultures of transformed cells fell into two groups based on their mns ( Table 1 ). The larger group of 5 clones had the same mn as normal CHE cells (22) . Such clones were expected from the presence of diploid or pseudodiploid cells in the uncloned cultures studied previously (26) .
The smaller group of two flat clones, i. e., M8-1 and M8-3, had near-diploid but aneuploid mns of 23 (Table 1) . It is argued below that there must be a threshold of aneuploidy for transformation and that, therefore, the extra chromosome of both M8-1 and M8-3 may not be sufficient to alter the morphological phenotype (see Discussion).
Correlation Between the Degree of Aneuploidy and Genetic Instability of Human Colon Cancer Cells. We next apply our hypothesis that genetic instability is caused by aneuploidy to an independent analysis of the karyotype stability of human colon cancer cell lines published by Lengnauer et al. (17) . As in our analysis of CHE cells, several colon cancer lines that differed in their degrees of aneuploidy, or pfs, were investigated. But whereas the mns of our transformed CHE cells ranged only from near-diploid to hypotetraploid (Tables 1 and 2 ), those of the human colon cancer lines ranged from hypodiploid to hypertetraploid (17) . Genetic instability of these lines was determined from the percentage of cells that had gained or lost a given chromosome per 25 generations. Chromosomes were identified by hybridization of interphase cells with chromosome-specific fluorescent DNA probes (17) .
Our hypothesis predicts that the degree of genetic instability of the colon cancer cells should be proportional to their degree of aneuploidy. Thus, diploid, tetraploid, and octaploid cells, with ploidy factors 1, 2, and 4, respectively, should be stable, because they share a normal balance of mitosis genes and proteins. But cells with other ploidies should be unstable in proportion to the deviation of their ploidy from normal. Below, we show that this was indeed the case.
To cover the wide range of the mns of the colon cancer lines, the relationship between genetic instability and pfs was recorded graphically in Fig. 2 . The pfs were obtained by dividing the mns by 46, which is the normal complement of human chromosomes. It can be seen in Fig. 2 that two highly aneuploid colon cancer cell lines with mns of 71 (HT29) and 119 (SW480) and pfs of 1.54 and 2.54, respectively, and two highly aneuploid artificial hybrid lines with mns of 117 (DLD1ϩHT29) and 140 (2ϫ HT29) and pfs of 2.53 and 3.04, respectively, also were highly unstable. After 25 cell generations, about 50% of the Fig. 2 ). Two moderately aneuploid colon cancer cell lines with mns of 40 (SW837) and 87 (LoVo) and pfs of 0.87 and 1.89 were moderately unstable. After 25 cell generations, about 30% of the cells had changed the ploidy of a given chromosome (Fig. 2) .
Three near-diploid colon-cancer cell lines with mns close to the normal human complement of 46 were karyotypically stable. One of these is the DLD1 line. It contains a chromosome of unknown origin instead of the normal chromosome no. 2 and therefore has a pseudonormal mn of 46 and a pf of 1. The chromosome distribution of this line ranges from 40 to 51 (30) . Another is the SW48 line, with a mn of 47, with trisomy of chromosome no. 7 and two marker chromosomes of unknown origin. The chromosome distribution ranges from 38 to 50 (30) . HCT 116 is a third line with a near-diploid mn of 45. It lacks a Y chromosome and includes three marker chromosomes of unclear derivation. The chromosome distribution ranges from 43 to 47 (30) . Likewise, three near-tetraploid hybrid cell lines were stable, as may be expected from the diploid balance of mitosis proteins in truly tetraploid cells. They included the HCT 116 dimer with 90 chromosomes and a pf of 1.96, the DLD 1ϫ HCT 116 heterodimer with 91 chromosomes and a pf of 1.98, and the DLD 1 dimer with 92 chromosomes and a pf of 2.
It follows that the karyotypic instability of the human colon cancer cells is directly proportional to the degree of aneuploidy (Fig. 2) .
DISCUSSION
Aneuploidy Is Sufficient for Genetic Instability. The hypothesis that aneuploidy is a sufficient cause of genetic instability was confirmed, because the karyotypic instability of transformed CHE and human cancer cells is directly proportional to the degree of aneuploidy. Therefore, we propose that the phenotypic heterogeneity of cancer cells is the result of this karyotypic instability.
Because probably not all chromosomes encode balancesensitive mitosis proteins, our hypothesis also predicts stable, or relatively stable aneuploidies involving such chromosomes. The nonrandom aneuploidies of near-diploid cancer cells (9, 31) and the nonrandom monosomies and trisomies of congenital, noncancerous defects, like Down's syndrome (32, 33) , are consistent with this prediction. But it remains to be determined which chromosomes carry balance-sensitive mitosis proteins.
Aneuploidy Versus Gene Mutation as Causes of Genetic Instability. Both Lengnauer et al. (17) and we have obtained nearly identical data on the relationship between chromosomenumber instability and aneuploidy. Even our estimates for the rates of karyotype changes per cell generation in highly aneuploid cells are similar, i.e., 3% for any chromosome of highly aneuploid CHE cells with a pf of 1.7 versus 2% for a specific chromosome of highly aneuploid human colon cancer cells, some of which also have a pf of 1.7 (Fig. 2) . But, in contrast to our interpretation, other workers blame karyotype instability on the dominant, negative mutation of a mitosis gene (16, 17, 34) .
Nevertheless, the following comparison of the two proposed mechanisms favors aneuploidy as the cause of genetic instability. (i) The mutation hypothesis predicts that destabilization of the karyotype is independent of aneuploidy, but this was not observed. By contrast, the aneuploidy hypothesis correctly predicts the observation that destabilization of chromosome segregation is proportional to the degree of aneuploidy. (ii) The postulated destabilizing mutation has been found in only 2 of 19 karyotypically unstable colon cancers (16, 34) . By contrast, all karyotypically unstable cells in those studies and ours were highly aneuploid, which is a consistent explanation for ''dominant'' genetic instability, according to our hypothesis. (iii) If a ''dominant'' mutation resulting in gains or losses in excess of 10 Ϫ2 per chromosome per generation "drives the tumorigenic process" as Lengnauer et al. (17) argue, colon cancer should follow very soon after such a destabilizing mutation occurs. In other words, the colon cancer risk should essentially be a single-hit event, increasing linearly with age. If this were the case, a significant fraction of colon cancers should occur at a young age. By contrast, colon cancer shows a 1,000-fold bias for old age (2, 35) . According to the aneuploidy hypothesis, this age bias may reflect the gradual buildup over time of the pf toward the threshold for cancer (see below). (iv) The existence of a human or animal gene that could be converted to a ''dominant'' aneuploidy gene is hard to reconcile with the evolution of multicellular organisms. Because the normal, spontaneous mutation rates are 1 in 10 9 nucleotides per mitosis even after proofreading, and because human cells contain about 10 9 nucleotides, 1 in 10 9 human cells would contain such a mutation (15, 26, 36) . Thus, one such mutation would soon kill the organism via carcinogenesis, because cancers are clonal.
This argument does not call into question the existence of mutations that cause karyotype instability. But unlike those postulated by Cahill et al. (34) , such mutations would have to be recessive, requiring a homozygous mutation to destabilize the karyotype. Because the probability of a specific base mutation per cell generation is 1 in 10 9 (see above), the probability of the same mutation in both sister alleles is 1 in 10 18 . Thus, only 1 in 100 average humans would be at risk to develop cancer from such a specific base mutation, because a human lifetime corresponds to approximately 10 16 cells (2, 15, 37, 38) . Indeed, there is a rare genetic defect, Bloom's syndrome, that is caused by such a mutation (39) . In accordance with our hypothesis, persons with Bloom's syndrome do indeed develop colon cancer at young age (40, 41) .
Aneuploidy, a Common Cause of Cancer and Genetic Instability? In view of these new and many previous results (42, 43) , we propose aneuploidy as a common cause of cancer and genetic instability. This aneuploidy-cancer hypothesis makes, in fact, fewer assumptions than the hypothesis that cancer is caused by gene mutations (36, 44) . However, in view of the popularity of gene mutation as a cause of phenotype alteration, it is currently hardly known that aneuploidy is, by itself, sufficient to change normal, eukaryotic cellular phenotypes into one of the many cancer-specific phenotypes listed above. Therefore, the evidence for this is briefly recorded.
Because cellular phenotypes are determined by molecules that are assembled by thousands of kinetically linked enzymes (45, 46) , aneuploidy can dominantly alter normal phenotypes because it multiplies or divides the diploid, biosynthetic assembly lines of normal cells (32, 33, (47) (48) (49) 62) . In light of this hypothesis, normal cells are the equivalent of car factories with concerted assembly lines producing appropriate numbers of engines, bodies and wheels, but cancer cells would be equivalent to factories with disconcerted assembly lines that produce two or more bodies per engine, or more or less than four wheels per body. Qualitative changes would be achieved by multiplying or dividing assembly lines that produce regulatory molecules.
Thus, cellular phenotypes can be changed in two ways: (i) by canonical mutation of specific enzymes involved in the synthesis of a molecule that determines a phenotype or (ii) by increasing or decreasing the number of normally diploid assembly lines of kinetically linked enzymes whose end product determines a phenotype. According to metabolic control analysis the effects of specific gene mutations are very limited (45, 46, 50, 62) . Positive or activating mutations would be strongly buffered because the remaining enzymes of an assembly line will continue to work at their native rate. Negative mutations are buffered by the fact that enzymes work in vivo far below saturation, i.e. at only a few percent of their capacity. As a result, biosynthetic assembly lines resist very efficiently any changes in the activities of their enzymes, although this aspect of the evolutionary design of metabolism continues to be ignored in attempts to modify phenotypes and yields by genetic engineering of bacteria and animals (50, 62) . Thus typically only homozygous null mutations of essential genes, generating a metabolic block, would significantly alter the phenotype (45) . However, most of these would be lethal mutations that are not relevant to cancer. In light of this, it is not surprising that mutated cellular oncogenes and tumorsuppression genes fail to perform dominant transforming functions (51) (52) (53) (54) (55) , are typically not more active than unmutated counterparts (37, 43, (54) (55) (56) , and are not consistently present in otherwise identical cancers (13, 15, 37, 53, 55, 57, 58) .
However, the presence of low levels of aneuploidy in rare, noncancerous cells of normal persons (4, (59) (60) (61) and in noncancerous, congenital diseases like Down's syndrome (32, 33) indicates that there must be a threshold of aneuploidy for cancer. Likewise, the two flat but near-diploid aneuploid CHE clones, M8-1 and M8-3, described above may be examples of aneuploidy below the threshold of morphological transformation. This threshold of aneuploidy for carcinogenesis would depend either on aneuploidy of chromosomes that encode the proper molecules to change the phenotype of a given differentiated cell to a cancer cell or on aneuploidy of chromosomes that generate genetic instability, which would then change the phenotype via further aneuploidy.
As an explanation for genetic instability, aneuploidy also makes fewer assumptions than the mutation hypothesis. For example, the mutation hypothesis has to assume a ''mutator'' phenotype (14) to explain the ''confusing plethora'' (9) of diverse phenotypes and karyotypes among cells from the same cancer (1, 11, 13) , but a mutator phenotype has not been experimentally confirmed (13, 15, (18) (19) (20) (21) . In view of this, even a hit and run mutator has recently been postulated (63) . According to the aneuploidy hypothesis, genetic instability is just an inherent consequence of aneuploidy.
It follows that aneuploidy offers a consistent explanation for cancer-specific phenotypes and genetic instability that is independent of gene mutation. This hypothesis also resolves the apparent paradox that cancers are clonal yet heterogeneous: cancers are clonal with regard to aneuploidy but not with regard to the resulting heterogeneity. Nevertheless, the mechanism and kinetics of how carcinogens generate aneuploidy and what levels of aneuploidy are necessary for carcinogenesis have yet to be studied.
